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Abstract

This report documents a week-long measurement campaign conducted on six, dry-storage, spent-
nuclear-fuel storage casks at the Idaho National Laboratory. A gamma-ray imager, a thermal-
neutron imager and a germanium spectrometer were used to collect data on the casks. The cam-
paign was conducted to examine the feasibility of using the cask radiation signatures as unique
identifiers for individual casks as part of a safeguards regime. The results clearly show different
morphologies for the various cask types although the signatures are deemed insufficient to
uniquely identify individual casks of the same type. Based on results with the germanium spec-
trometer and differences between thermal neutron images and neutron-dose meters, this result is
thought to be due to the limitations of the extant imagers used, rather than of the basic concept.
Results indicate that measurements with improved imagers could contain significantly more in-
formation. Follow-on measurements with new imagers either currently available as laboratory
prototypes or under development are recommended.
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Introduction

Accounting for spent nuclear fuel is one of the impor-
tant safeguarding tasks performed by the IAEA. The
material is both highly radioactive and can contain sig-
nificant quantities of fissile material. For the ten years
following the last burn cycle, the material is generally
stored in wet-storage facilities or “ponds” at the reactor
site. After this time, it can be transferred to dry storage
casks and moved to pads awaiting final disposal. De-
spite the fact that we are over five decades into the nu-
clear era, no long-term disposal sites exist. This means
that more and more material is accumulating at “tempo-
rary” storage facilities in dry storage casks.

Although there are many types of dry storage casks,
they all share the basic design goal to limit radiation
exposure outside the cask. This means that cask walls
include significant shielding for both neutron and
gamma-radiation. Hence, traditional non-destructive
analysis (NDA) and assay techniques to verify cask
contents are ineffective after a cask is sealed. The safe-
guard regime therefore relies on the use of tags and
seals (C/S) with regular inspections to maintain conti-
nuity of knowledge that cask contents remain as loaded.

The casks are loaded in the presence of IAEA inspec-
tors by the reactor operators and “irreversibly” sealed.
Tamperproof tags and seals (C/S) are added by the in-
spectors. The casks are then moved to a storage “farm”
where many casks are stored. Periodic inspection of the
tags and seals is currently the only technique that exists
to certify that the cask contents have not been altered.
As the inventory of spent fuel increases around the
world, monitoring of cask loading operations and sub-
sequent tags and seals inspections are creating a greater
burden on IAEA resources.

The ever-increasing quantity of casks requiring regular
inspection increases the likelihood that tags and seals
will fail. This is particularly problematic since the casks
are generally stored out of doors, exposed to the
weather. In the event of C/S failure, there is currently

no means of reestablishing a cask’s contents without
reopening it. This technique is not considered realistic
in light of the costs associated with such an undertak-
ing.

In the late winter of 2003, the IAEA held a working-
group meeting of experts to examine the means of safe-
guarding spent nuclear fuel. The panel focused on both
wet and dry storage facilities. One of the suggestions
made in the subsequent report [1] was to examine the
idea of “fingerprinting” as a means to re-certify the
contents of a cask in the event of C/S failure and also as
a means of strengthening the C/S regime itself. The
general concept relies on identifying cask properties
that can be used to uniquely establish a cask ID and that
the contents of that cask have not been significantly
altered.

At the heart of the technique are the facts that the casks
are loaded with fuel assemblies of varying burn-up and
that radiation from the fuel reaches the cask surface
despite the heavy shielding used in cask construction.
The amount and type of radiation emitted by the fuel
assemblies is known to be a function of their burn-up.
In the loading process, the more heavily-used fuel ele-
ments are distributed throughout the cask to distribute
the heat load within the cask. In principle, this should
result in a multi-lobe signature of the radiation field.

It is expected that some vestige of the radiation pattern
will survive to the cask surface The pattern will have
two components. The first and major constituent will be
due to radiation that interacts in the cask walls on the
way to the surface. This radiation will generate a dif-
fuse image, such as that obtained from a light bulb be-
hind a glass diffuser. The second, smaller, component
of the radiation field will exit the cask without interact-
ing with the cask at all. This radiation will provide a
faithful rendition of the geometry of the outer nuclear
materials. (The inner fuel elements will be shielded by
the outer layers and will be difficult to image directly.)
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Fig. 2. Schematic representation of a coded aperture imager.
Plane-parallel radiation coming from different directions, projects
different parts of the mask pattern onto the detector. The detector
sized portions of the mask are unique and do not interfere with each

other.

It is thought that the overall radiation pattern can be
used as an important constituent of the cask “finger-
print.” Further it was suggested that this radiation field
could be measured with the use of radiation imaging
instruments.

Based on these recommendations, a measurement cam-
paign including both a thermal neutron[1] and gamma-
ray imager[2] was undertaken at Idaho National Labo-
ratory (INL.) At the Test Area North (TAN) site of
INL, there are six different spent fuel casks (see Fig. 1.)
This report documents the results obtained during this
campaign and makes recommendations for future work
on this concept.

Introduction to coded aperture imaging
The penetrating nature of the gamma-rays and neutrons
that allows them to be detected outside of a cask also
makes constructing an imager for these types of radia-
tion difficult. In addition to a source of radiation, to
generate an image generally requires a position-
sensitive detector and a focusing optic. The former can
be difficult to fabricate, the latter, save for a pin-hole
camera, is impossible with current technologies.

The problem with a pin-hole camera is that it makes an
image by rejecting all but a small fraction of the radia-
tion incident on an instrument. Fortunately, the effi-
ciency of the pin-hole camera can be increased by
piercing the blocking surface with more than one hole.
This has the advantage that more radiation reaches the
detector, decreasing the imaging time. It has the disad-
vantage that each hole generates its own image and
these images will overlap for all but the simplest

Detector

scenes. In the limit, where a large fraction of
the blocking sheet is pierced (~ 50%) it is
best to think in terms of the shadow pattern
that is created. Then, an ideal multiple pin-
hole camera must have two attributes: 1) a
unique shadow pattern must be cast onto the
detector by a point source in each pixel of
the field-of-view and 2) the shadow patterns
for different pixels in the field of view must
not interfere with each other, i.e. they must
be “orthogonal.” Such patterns were per-
fected in the 1970’s by the high energy as-
trophysical community and are called coded
apertures. They are described in more detail
in [3-5].

A schematic representation of a coded aper-
ture imager is given in Fig. 2. The shadow
mask is placed a focal length (f) in front of a
position-sensitive detector. The mask must
be largely opaque to the radiation to be im-
aged and has four times the area of the de-
tector. It is made of a four-fold replication of a base
pattern called a uniformly redundant array (URA). A
source in a given pixel of the field of view will project
one of the detector-sized patterns on to the detector.
Each such pattern is unique, allowing one to determine
where a source is located. The patterns are also or-
thogonal in the sense that the URA pattern auto-
correlates to a delta function. Hence a faithful image
can be generated mathematically from the pattern en-
coded at the detector.

For a base pattern r x s in size, (mask 2r x 2s) there will
be r x s unique detector-sized patterns giving a field of
view of r x s pixels. Generally, it is desirable to over
sample the mask pattern by at least a factor of 2 (i.e. the
detector pixels are one quarter the area of a mask
pixel.)[5] The angular resolution of the imager is the
size of the base mask element, a, divided by the focal
length, f. To obtain a position resolution at the source
one multiplies the angular resolution by the distance to
the source, d, hence:

a

AX=—d.
f

Of concern in coded aperture imaging is that the image
is encoded as a variation in counts as a function of posi-
tion across the detector face. Anything that produces
such a variation leads to structures in the image. If the
variations are not from the shadow of the mask pattern,
the structures in the image will be artifacts and not rep-
resentative of the radiation field in the field of view.
Fortunately, a simple technique exists to measure such
modulations without compromising accumulation
time.[5, 6]
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Fig. 3. Current-generation imager. The unit is battery
powered and provides variable zoom images.

Some families of the coded apertures (hexagonally uni-
formly redundant arrays, HURA [7] and modified uni-
formly redundant arrays, MURA [8]) are anti-
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symmetric when rotated about their central pixels by a
fixed amount (60 and 90 degrees for the HURA and
MURA, respectively). With knowledge of this property,
the image can be taken in two sessions, one with the
“mask” orientation of the shadow mask and one with its
inverse or “anti-mask” orientation. When added to-
gether, the resulting data set has no modulation from
the mask pattern. Therefore, any modulation must be
spurious and can be removed before the mask and anti-
mask data are deconvolved separately and added to-
gether to form the final image. This procedure makes
the coded-aperture technique very robust, providing
faithful images in high background environments.

There is a penalty inherent to coded aperture imaging
when compared to direct imaging techniques. To unfold
the image requires using all of the data in the detector
to generate each pixel of the image. This means that the
standard deviation of the statistical noise in each pixel
is the square-root of the total number of counts in the
detector as a whole. This is higher than in a “true-
imager” where the radiation from one direction over the
entire instrument aperture is concentrated onto the de-
tector with the use of a lens or other imaging optic. In
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Fig. 4. The standard gamma-ray imager data as it is presented in the report. The image is of two point sources
taken with the gamma-ray imager after it was unpacked at INL. The two sources are HEU (left) and **' Am (right.)
The gamma-ray image is scaled to the video image and pixels below 50% peak intensity are turned clear so that
the visible-light image can be seen for reference. This data was taken with the widest gamma-ray field of view. In
such data, the field of view of the visible light image is less than that of the gamma-ray image; hence the black
border about the visible light image. The top spectrum is from all of the events collected by the imager. The lower
spectrum is just for the gamma-ray pixels that are colored (above the 50% threshold.) As seen, the latter spectrum
can differ significantly from the total spectrum. This is further exemplified in Fig. 5.



that case the standard deviation in each pixel of the
image is the square-root of the counts in just that pixel
of the detector. As a consequence, the advantage of a
coded-aperture imager over a pin-hole camera is best
for a point source, when only a single pixel in the field
of view is bright. In this situation, the advantage in sig-
nal-to-noise ratio over the pin-hole is given by the
square root of the number of open pixels in the base
pattern. As more of the field of view glows from ex-
tended sources, the advantage decreases until, in the
limit where the whole field of view glows, the sensitiv-
ity reverts to approximately that of the pin-hole cam-
era.[4]

An additional property of coded aperture imagers that
one must consider in this application is the confusing
effect of partially encoded sources. Because the mask
pattern is a replication of the base pattern, a source that
falls outside the primary field of view will be imaged at
the wrong location. Specifically, it will appear on the
opposite side with some additional noise spread
throughout the image. Although this problem can be
successfully removed through the inclusion of suitable
detector collimation, neither of the imagers described
below makes us of this technique.

Instrumentation
The cask measurements reported below were conducted
using a thermal neutron and a gamma-ray imager. Both
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of these instruments form images using the coded-
aperture technique described above. However, they
differ significantly in the position-sensitive detectors,
mask and shielding materials required by their respec-
tive radiation types. The specifics of each instrument
are described in more detail below. In addition to the
imagers, a collimated coaxial germanium detector was
used to determine the gamma-ray spectrum from each
of the casks. The details of this system are also pro-
vided below.

Gamma-Ray Imager

The gamma-ray imager used in these measurements is
shown in Fig. 3 and is described in detail in Ziock and
Nakae.[2] It comprises a base-19, HURA, coded-
aperture mask used to project a shadow pattern onto a
Csl(Na)-based, position-sensitive, gamma-ray detector.
The mask is 5 mm thick Ta with a hexagonal hole size
of 2.14 mm per flat face. The detector uses a 12-cm
diameter, one-centimeter thick CsI(Na) disk to convert
incident gamma-rays to a flash of scintillation light.
The Csl is mounted on a Hamamatsu R3292 [9] posi-
tion-sensitive-photomultiplier tube (PSPMT). The loca-
tion and energy of each gamma-ray event is determined
by measuring and centroiding the scintillation light
flash as described in [2]. The position resolution of the
detector is ~ 3 mm and the energy resolution is ~ 11%
at 356 keV. The detector is mounted on linear bearings
that allow it to be moved and set in one of five different
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Fig. 5. Same data as Fig. 4, but with the gamma-ray image threshold set to zero. The hexagonal field of view of the
imager is readily apparent. The spectra on the right are from the yellow pixels within each of the circles. This
clearly identifies the Am source as source A and source B as the HEU.



Fig. 6. Code- aperture, thermal-neutron imager.

focal lengths from the mask, providing a zoom capabil-
ity. Data from the PSPMT is collected by a gated-
integrator-based data acquisition system that uses a
commercial, 16-bit digitizer mounted in a palm-top
computer. The computer records the data in list-mode
and also generates an online image that is periodically
updated.

As discussed above, the data is collected in two, equal-
time integrations, one in the “mask” and one in the
“anti-mask” orientation. A 60-degree rotation of the
mask must be performed between the two integrations.

In addition to the gamma-ray data, a visible-light video
camera, coaligned with the imaging axis of the instru-
ment, is used to record a visible-light image before each
run. Based on the measured distance to the source, the
visible-light image is scaled to the gamma-ray image
and the two are simultaneously displayed in an overlay
mode on the computer screen. The gamma-ray image is
shown in false-color “in front” of the visible-light im-
age. Those gamma-ray pixels a selectable-value below
the maximum are turned clear so that portions of the
visible-light image can be seen (Fig. 4). Up to four en-
ergy regions-of-interest may be set before a run. Sepa-
rate images are made in each of these energy bands and
in the overall spectrum during the run.

The list-mode data file recorded during an acquisition
includes all of the information available about each
gamma-ray event. Hence, a complete post-acquisition
analysis can be performed with these data files allowing
the user to vary software settings (such as source dis-
tance and energy cuts) as if these changes were made
during the actual acquisition. In addition to the on-line
displays that are generated as data is accumulated (or
replayed,) a separate detector record is maintained for
each energy bin of the imager. Upon completion of an
acquisition, these can be individually deconvolved to
create a separate image for each energy bin. The result-
ing data-cube is used to interactively determine both the
images obtained with different energy cuts on the data,
and the spectrum from different pixels or regions of the
image (Fig. 5.) [10]

Finally, it should be noted that the gamma-ray imager
used in these measurements is a prototype instrument
developed for use in arms-control applications. As
such, it is optimized to respond to gamma-radiation
from highly-enriched uranium (HEU) at 186 keV and
the 374 and 414 keV lines from plutonium. In addition,
it provides excellent response at the ~ 100 keV K-shell
fluorescence radiation from these elements. Unfortu-
nately, the upper limit of the electronics is set to 630
keV, a value that is too low to image any of the line
radiation that was measured to leak from the casks with
the Ge spectrometer.

Thermal-Neutron Imager

The thermal neutron imager is based on a crossed-wire
chamber with a 20-cm X 17-cm sensitive area operated
in the proportional mode with a gas mixture of 6 bar of
*He and 2.5 bar of propane. Details of the construction
and the readout electronics can be found elsewhere
[11]. The detector chamber is enclosed in a cadmium-
lined box equipped with one of three choices of coded-
aperture, MURA masks fabricated from 0.4-mm thick
cadmium pixels mounted on an unperforated aluminum
backing sheet. A mask can be inserted in one of four
different tracks at different focal lengths, and can be
used as its own anti-mask by rotating through a right
angle about the optic axis before insertion into the
track. The base pattern of each mask is a square of 15
cm X 15 cm, and the three masks available consist of
(A) 19 x 19 (B) 31 x 31 and (C) 47 x 47 pixels in the
base pattern, with four copies tiled to make each a
complete mask. For most of the data in this report, the
focal length is 10 cm, and the width of the field of view
at the source is therefore 1.5 times the distance to the
cask. The imager is shown in Fig. 6.

A custom-built, data-acquisition board is used to accu-
mulate a 2-dimensional spatial histogram of neutron
absorption events. The histogram consists of a 608 x



Fig. 7. Test of neutron imager in the laboratory using
three PE cubes with *>Cf sources embedded in the top
and bottom cubes

512 array of 32-bit integers that can be zeroed or read
out at any time by the controlling laptop computer
through a 32-channel, digital, PCMCIA interface.

The spatial resolution of the chamber is limited to about
1 mm by the difference in ranges of the proton and tri-
ton produced by the reaction of a neutron with *He,
because the recoil direction is not determined. Never-
theless, the readout electronics oversamples the resolu-
tion elements by about a factor of 3 in both x and y. The
smallest mask pixel (3 mm x 3 mm) is consequently
oversampled by about a factor of 9 in each direction.
(The detector has far better resolution than is needed for
this application because it was originally designed for a
different purpose — protein crystallography with cold
neutron beams.) This oversampling provides a high

Fig. 8. Thermal neutron image of configuration in Fig 7,
acquired in 10 minutes using the 47 x 47 MURA mask

Paak 1o valay
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Fig. 9. Monte Carlo simulation of thermal neutron
leakage from three cubes containing two sources

degree of adjustability in the image-processing soft-
ware, which allocates regions of the detector to pixels
of the mask shadow while taking account of the magni-
fication of the shadow at short ranges. Optimizing the
focus for objects in the scene at different ranges can
therefore be performed by software after the data are
recorded. Also, physical registration of detector ele-
ments with mask pixels is not required.

Laboratory tests of the imager at INL before deploy-
ment at the TAN facility demonstrated the resolution
and contrast that can be achieved with ideal thermal
neutron sources. Two >>>Cf spontaneous fission sources
were embedded at the centers of cubes of high density
polyethylene (PE) of dimensions 10 cm on the side.
These moderating cubes were stacked with another
cube between them, as shown in Fig. 7.

The resulting neutron image, shown in Fig. 8, was ob-
tained using the C-mask at a range of 3 m with a focal
length of 30 cm. The image is consistent with a range of
~ 5 cm for 2 MeV neutrons in PE. Thermal neutrons
leak preferentially from the centers of the faces of the
cubes holding the sources, and do not fill the three
cubes uniformly.

The configuration was modeled by Alain Lebrun using
a Monte Carlo code (see Fig. 9.) The lack of thermal
neutrons emitted from the face of the center cube is a
consequence of the fact that the thermalization distance
of the fission neutrons is somewhat less than 5 cm in
PE, and the diffusion length for thermal neutrons is
considerably less than 5 cm. Therefore, the maximum
intensity is seen at the center of the face of each cube
that contains a source.

Gamma spectrometer
The high-resolution gamma-ray spectra recorded for the
casks were taken using a 39% relative-efficiency, N-



Fig. 10. The Ge spectrometer and collimator.

type, coaxial, high-purity, germanium detector. It is
collimated with a bismuth annulus restricting its field of
view to 10 degrees. The system is the same as used for
PINS work and has been described in detail elsewhere
[12]. The data were collected using an ORTEC Nomad-
Plus, portable, multi-channel analyzer. The deadtime of
the measurements was kept below 26%. Data were col-
lected from a distance of 3 m and the detector was ele-
vated 1.8 m above the ground, at approximately cask
mid-height. The system is shown in situ in Fig. 10.

TAN facility
The “Test Area North” at Idaho National Laboratory
(INL) has a facility to perform experimental measure-
ments on six different, spent-nuclear-fuel, dry-storage
casks. These are set out doors on a concrete pad meas-

meters

Fig. 11. Layout of the casks at the TAN facility.

uring 28.6 x 12.9 m (Fig. 1 and 11). A fence surround-
ing the edge of the pad provides a personnel boundary
between the general and a radiation zone. Flux at the
boundary can be as high as 5 mR/hr. At a neighboring
location, fuel and components from the Three Mile Is-
land reactor are stored.

The following casks are located on the concrete pad.
Details of loading are obtained from [13]:

1) Westinghouse MC-10. This cask contains 5 intact
Turkey Point PWR assemblies, 12 VEPCO PWR
assemblies and one BCD B-17 PWR assembly.
The latter has 21 fuel rods replaced by stainless
steel rods for a total of 183 fuel rods. Thus 18 of 24
possible locations are used for a total of 14.99 Met-
ric Tons of Heavy Metal (MTHM).

2) NuPac 2125-B Cask. This cask contains Three
Mile Island Reactor 2 debris canisters in two of 7
locations. The cask contains a total of 0.02 MTHM.

3) GNS Castor V/21 Cask. This Cask contains 21
VEPCO PWR assemblies. Twenty of the assem-
blies are intact while one has 12 rods removed for a
total of 9.27 MTHM. The fuel was discharged from
the Surry reactor in November 1981 and was in
water storage until 7/85 when it was loaded into the
cask.[14] On average it has a burn-up of 30-35
GWd/MTU.[15]

4) REA-2023. This cask is loaded with commercial
spent nuclear fuel comprising intact assemblies
from Connecticut Yankee (PWR,) H. B. Robinson
(PWR,) Beach Bottom (BWR) and Dresden I
(BWR) reactors. Five positions in the cask are oc-
cupied by “loose” fuel rods.



The cask also contains fuel from the Loss of Fluid
Test (LOFT) reactor including the center module
FP-1 with two rods removed and the remains of the
FP-2 center module housed in ten storage cans that
also contain two loose FP-rods and epoxy. The to-
tal Cask contents is 1.79 MTHW

5) Pacific Sierra Nuclear VSC-17 Cask. This cask
contains fuel from the Dry Rod Consolidation
Technology project (DRCT.) The canisters are
each loaded with the fuel from two fuel assemblies.
These were extracted from standard Westinghouse
15 x 15 zircalloy clad fuel assemblies from
VEPCO and Turkey Point reactors. The cask con-
tains a total of 5.31 MTHM.

6) Transnuclear TN-24P Cask. This cask contains
seven DRCT canisters each with the fuel of two
normal assemblies (see cask 5 above.) It also con-
tains 12 LOFT assemblies for a total of 8.04
MTHM.

The contents of the various casks is summarized in Ta-
ble 1.

Measurements

The details of measurements and results for each cask
are presented below. The gamma-ray image for each
viewing angle and zoom is presented together with the
associated energy spectrum. The threshold on the
gamma-ray image is set at 50% for all but cask 3 where
60% was used due to the high noise level of the image.
A summary of the images is given in Table 2.

Cask 1: Westinghouse MC-10

Gamma-ray images

This cask is the first one measured with the gamma-ray
imager because the instrument could be positioned so
that no other cask was in the imager’s immediate field
of view. To achieve this, the instrument was placed on
the east side of the pad, close enough to the cask so that
it hid the other casks. The cask’s location did mean that
radiation from the neighboring pad containing waste
from the Three Mile Island reactors entered the back of
the imager. This was noted as a reduction in the instan-
taneous count rate from ~ 3100 c/s to ~ 2600 c/s when
the operator stood behind the instrument. To reduce this
rate during the measurements, the battery pack from the
instrument was placed immediately behind the imager
head so that it’s lead-acid cell blocked this radiation.

Four images of this cask were obtained. The first was a
20-minute, wide-angle integration from 8.65 m with a
pixel size of ~ 19.8 cm (Fig. 12.) Following this image,
problems with the instrument required removing it for
repair. For subsequent side-view measurements, the

imager was moved closer to the cask. The second inte-
gration comprised a total of 180 minutes from 6.14 m
with a pixel size of ~ 8.5 cm (Fig. 13.) The third meas-
urement was for a total of 120 minutes from the same
distance but with a wider field of view resulting in pix-
els 14.1 cm across (Fig. 14.) Finally, a lift was used to
obtain an oblique, top-down, view (Fig. 15.)

The overhead measurement provided several logistics
challenges that might have affected the quality of the
image. First, the imager had to be started with the lift
retracted and then raised to the viewing position. This
took varying times of order a few minutes. To change
the mask to its anti-mask configuration, required lower-
ing the imager, rotating the mask and re-raising the

Table 1
Cask Load Summaries
Cask Type Origin Fuel | MTHM
Units
Turkey 21 9.27
Point B-17
1 MC-10 Tu.rkey 1 0.41
Point
VEPCO 12 5.31
34 14.99
2 NuPac TMI Ep- |2 0.02
125B oxy
3 GNS VEPCO 21 9.27
V/21
LOFT FP- | 1 0.20
1
LOFT FP- |2 0.10
2
CT Yan- |1 0.39
kee
Dresden I 1 0.11
Dresden I 1 0.06
4 5552‘;' H.B. Rob- | 1 23
inson
Peach Bot- | 2 28
tom
LFRSB 1 0.31
35 encaps. | 3 0.09
tubes
Surry 1 0.02
14 1.79
5 VSC-17 | DRCT 17 5.31
DRCT 7 6.14
LOFT 4 0.81
Center
6 TN-24P | LOFT 4 0.28
Corner
LOFT Std | 4 0.81
19 8.04




Table 2.

Cask Images
Cask Gamma-Ray Images Neutron Images
Number Type View Res Range | Exposure Counts/sec Figs View Res Range | Exposure Counts Figs
P €m) | (m) | (min) 8 e€m) | (m) | (min) 8
Side 183, 1 565 20 1178 10 Side 64 8.1 360 45x10° | 18,20
wide 19.8
Side 14.1,
Wide 131 6.14 180 1367 14
1 MC-10 Side 13.1,
Zoom 141 6.14 120 1325 13
Top 7.0, 6.5 3.0 160 513 15
Spectrum -- 3 16.7 -- 17
NuPac
2 1258 Spectrum -- 3 16.7 -- 21 None
Side 14.1, . 900 10’
; GNS Wide 131 6.15 60 396 22 Side 54 6.8 960 1,06 x 107 24,25
vi2l Spectrum -- 3 16.6 23
Side 13.8, . 6
REA- Wide 128 60 962 26 Side 36 4.5 120 1.1 x10 28
4 2023
Spectrum -- 3 333 -- 27
Side 17.8, Side 6
Wide 192 8.38 60 702 30 Hi-res 19 5.8 60 0.8 x10 33,34
5 vscoiy | Side 13, g5 50 675 31 Side 46 5.8 120 1.7 x10° | 35
Zoom 10.6 Lo-res
Spectrum -- 3 16.6 -- 32
None Side 53 6.8 60 0.5 x 10° 37
6 TN-24P
Spectrum -- 3 16.6 -- 36
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Fig. 12. First cask image (bottom) taken of cask 1
(MC-10) for a total integration time of 20 minutes. The
pixels are ~ 19 cm in size. The associated spectrum is
also given (top).

platform. As there was no precision control to the
height, this was monitored by measuring the distance to
the ground of the first scissor pivot-point (see Fig. 16.)

The overhead data was collected in two runs of 70 and
90 minutes from a distance to the cask center of 3 m.
This provided a pixel size of ~ 7.0 cm. Note that the
instrument was buffeted by the wind during the meas-
urement. Lateral motions of ~ 3 cm were observed. The
data shown in Fig. 15 comprises the full duration of the
runs. Partial playback, omitting the first 10% of the data
to compensate for different lift times, did not qualita-
tively affect the images.

Germanium Spectrometer Data

The spectrum obtained from Cask 1 is shown in Fig. 17.
It represents 1000 sec of livetime with a deadtime frac-
tion of 22.9%. The MC-10 spectrum shows prominent
gamma-ray lines of the fission products *’Cs, “°Co and
*Eu; and contains boron, calcium, hydrogen, iron and
silicon neutron induced gamma-ray peaks as well.

Neutron images
In order to avoid crowding of the instruments, the neu-
tron imaging measurements were performed in a differ-
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Fig. 13. Zoomed view of cask 1. The pixels are ~ 13.5
cm in size. The integration time was 3 hours.

ent sequence, but are reported here in the same cask
order as the gamma imaging for comparison purposes.
Cask MC-10 thermal neutrons were imaged last, from a
distance of 8.12 m from the center of the cask with a
10-cm focal length, using the “A” mask (19 x 19 pix-
els). The field of view was 12.2 meters, and a pixel
corresponds to 64 cm in the source plane. The count
rate was about 250 neutrons per second. Independent
exposures of 60 minutes and 120 minutes, each, were
acquired with the mask in both the normal and anti-
mask rotations. The six hours of data were combined
into a single image to minimize the random statistical
fluctuations. Fig. 18 shows the final image with
unsmoothed data binned into areas corresponding to %
of the mask pixel area. It is not clear whether fluctua-
tions in intensity on the scale of one pixel show any
significant features in the fuel assembly, because the
image still contains a lot of statistical noise. A histo-
gram of the pixel intensities from the unsmoothed im-
age is shown in Fig. 19. Note that only a small fraction
of the pixels have intensities greater than 150, on a re-
normalized scale of 0-255. These pixels represent the
brightest and most significant regions of the image.
However, they are still statistically noisy. Many of
these fluctuations are minimized in the smoothed image
(Fig. 20,) which shows the entire cask glowing fairly
uniformly.
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Fig. 14. Second wide-angle image of cask 1 and the
associated spectrum. The pixels are~ 14 cm in size. The
integration time was 2 hours.

Cask 2: NuPac 125B
Gamma-ray images
No Gamma-ray images of this cask were obtained.

Ge Spectrometer

The spectrum obtained from Cask 2 is shown in Fig. 21.
It represents 1000 sec of livetime with a deadtime frac-
tion of 21.2%. The NP-125B spectrum shows promi-
nent gamma-ray lines of the fission products "’Cs,
%Co, and '**Eu; and it contains boron, calcium, hydro-
gen, iron, and silicon neutron-induced gamma-ray
peaks as well.

Neutron images
No neutron images of this cask were obtained.

Cask 3: GNS V/21

Gamma-ray images

Images of Cask 3, the Castor V/21, were obtained on
the last day of measurements. The first two exposures
were obtained from the south side of the pad. Both of
these showed poor mask/anti-mask balance. This was
traced to the make-shift cinderblock arrangement to
shield the imager from the sun. In the early morning the
relative sun motion required moving the sun-shield

11
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Fig. 15. Overhead view of Cask 1. The pixels are ~ 6.8
cm in size. The total integration time was 160 minutes.
Note the difference in the spectrum between this view
and that obtained from the side.

Fig. 16. The lift used to take ;];-&’wnjiniaées of
Cask 1.



12

~
m
N
< <
10} \m > fl
=
0 -
c 5 O |O ; ~
E 10 xn.\ . 2 ;
S U |
= MC-10 cask ™ |
o ! | .
v 1 ! /
0 500 1000 1500 2000 2500 3000 3500

gamma-ray energy (keV)
Fig. 17. High resolution spectrum of Cask 1.

more frequently and to a greater extent. Unfortunately,
this also meant moving the cinderblock used to keep the 30
contrivance from blowing away in the wind. In moving
the cinderblock, we changed the shielding configuration
of the system and unbalanced the mask/anti-mask inte-
grations.

A second attempt to image Cask 3 was performed from
the North side. This resulted in the image in Fig. 22.
The pixel size in the image is ~ 13.6 cm. Note that the
image was very noisy so that the gamma-ray threshold
is set to 60% of the maximum level rather than the 50%

FREQUENCY

used in other images. The morphology of the image is 0 50 100 150 200 250
consistent with radiation coming out the bottom of the INTENSITY

cask and scattering off of the ground. It is not clear why Fig. 19. Histogram of pixel intensities from data in
the contrast is so poor in the image. The number of the unsmoothed image.

Fig. 18. Thermal-neutron image of cask MC-10 Fig. 20. Smoothed neutron image of cask 1 with the
processed in bins equal to Y of a mask pixel area. green rectangle indicating the size of the cask
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Fig. 21. Spectrum of Cask 2.

events in the image is 3.46 x 10°, a number commensu-
rate with other higher-contrast images. Unfortunately, a
background rate at the location was not obtained. It is
possible that the neighboring casks produced a large
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Energy(KeV)
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Fig. 22. Wide-field Image of Cask 3. The gamma-ray
threshold in this image is set to 60% of the maximum
intensity. The pixel size is ~ 13.6 cm and the integration
time was one hour.

fraction of the counts from radiation that penetrated the
0.95 cm thick Pb shielding around the detector. This
amounts to ~ 0.8 mean free paths at 662 keV.

Germanium Spectrometer Data

The spectrum obtained from Cask 3 is shown in Fig.
23. It represents 1000 sec of livetime with a deadtime
fraction of 21.2%. The V/21 spectrum shows prominent
gamma-ray lines of the fission products *’Cs, “’Co, and
"¥Eu; and it contains boron and hydrogen neutron-
induced gamma-ray peaks as well.

Neutron image

Cask 3 was imaged with the “A” mask in the normal
position over an acquisition period of 15 hours. The
resulting smoothed image, shown in Fig. 24, suggests a
dark vertical band in the center of the image, with
brighter regions at the edges. The contrast is weak, and
could be affected by imaging artifacts, but at face value
it indicates that the cask is heavily shielded for thermal
neutron leakage, so that it looks darker than the sur-
rounding background of neutrons scattered in the at-
mosphere. A 1-hour antimask image was also acquired,
but those data contained more statistical noise than the
overnight run and, after scaling the data appropriately,
the combined mask-antimask image was washed out
(Fig. 25.) Clearly, the mask and antimask data should
be acquired for the same time for optimal results.

Cask 4: REA-2023

Gamma-ray images

The gamma-ray image of cask 4 was obtained from the
north side of the pad at a distance of 6.0 m. A single
wide-field image (see Fig. 26) was obtained in 60 min-
utes total integration time. The approximate resolution
is 13.5 cm per pixel. A total of 3.46 x 10° counts were
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Fig. 23. Spectrum from Cask 3.

recorded by the imager. The image clearly shows that
the radiation is confined to the central region of the
cask and is uniform along its length. However, the con-
trast in the image is relatively low.

Germanium Spectrometer Data

The spectrum obtained from Cask 4 is shown in Fig.
27. 1t represents 1000 sec of livetime with a deadtime
fraction of 22.9%.The REA-2023 spectrum shows
prominent gamma-ray lines of the fission prod-
ucts.’Cs, ®Co, and “*Eu; and it contains boron, hy-
drogen, and iron neutron-induced gamma-ray peaks as
well.

Neutron image

The combined mask-anti-mask image obtained for cask
4 is shown in Fig. 28 after smoothing and contrast en-
hancement. The bright vertical stripe in the middle of
the image is much narrower than the exterior dimen-
sions of the cask (shown in green dashes.) This appear-
ance may be somewhat exaggerated by the thresholding
effect of the false colors, but is consistent with the
gamma-ray image in Fig 26, which is also narrow. A
horizontal profile of the neutron intensity (see Fig. 29)
does not show a sharp edge for the bright region, but is
slightly more peaked than a cosine distribution that one
might expect for transmission through an annular ab-
sorber.

Fig.24. Smoothed, 15-hr, neutron image of cask 3
with mask-only data. The cask emits a lower flux of
neutrons than from the surrounding area.

Fig. 25. Smoothed neutron image of Cask 3 after sub-
tracting 1-hr anti-mask data having poorer statistics
than the overnight run.
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Fig. 26. Wide-angle image of cask 4 and the associated
spectrum. The pixel size is ~ 13.5 cm and the integration
time was 1 hour.

Cask 5: VSC-17 "
Gamma-ray images

grey scale value
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Two images of cask 5, the Pacific Sierra Nuclear VSC-
17, were obtained. Both were obtained from a distance

of 8.38 m. The first was a wide-angle image with a total ° %
exposure time of one hour and a pixel size of ~ 18.5
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Fig. 27. Spectrum obtained from cask 4. Note that this is for 2000 sec. livetime, twice that of the other spectra.
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Fig. 30. Wide-angle image of cask 5 and the associated
spectrum. The pixel size is ~ 18.5 cm and the integration
time was 1 hour.

average pixel size of 11 c¢cm is shown in Fig. 31. This
data represents 43 min. out of the total 60 min. integra-
tion. The imager was bumped during the last 10 min-
utes of the anti-mask run. Consequently only the first
71% of each file was replayed to obtain the image
shown. The gamma-ray images clearly show a bright
region that is centered on the cask horizontally and it
appears hotter near the bottom of the cask.
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Fig. 31. Zoomed view of Cask 5. The pixel size is ~ 11
cm and the integration time was 43 minutes.

Spectrometer Data

The spectrum obtained from Cask 5 is shown in Fig.
32. It represents 1000 sec of livetime with a deadtime
fraction of 26.1%. The VSC-17 spectrum shows promi-
nent gamma-ray lines of the fission products *’Cs,
%Co, and '"*Eu; and it contains calcium, hydrogen,
iron, and silicon neutron-induced gamma-ray peaks as
well.
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Fig.32. Energy spectrum from cask 5.
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Fig.33. Neutron image of cask 5 using 47 x 47 pixel
mask, binned into areas corresponding to Y of a mask
pixel.

Neutron image

The image in Fig. 33 was an attempt to obtain the best
spatial resolution with mask “C”. One consequence of
choosing small pixels is that the counts in each pixel
become smaller relative to the statistical uncertainty
derived from the total number of counts in the image.
Subsequent smoothing can improve the image quality,
as shown in Fig. 34, but long exposures are necessary
before the smaller features in such images are consid-
ered significant.

In these two images, a bright region is seen at the right
side of the picture, possibly due to partially encoded
neutron flux coming from outside the primary field of
view. In subsequent mask-antimask images acquired
from the same position using lower resolution, this arti-
fact was eliminated (Fig. 35.)

Cask 6: TN-24P
Gamma-ray images
No gamma-ray images of this cask were obtained.

Ge spectrometer

The spectrum obtained from cask 6 is shown in Fig 36.
It represents 1000 seconds of livetime with a deadtime
fraction of 18.7%. The TN-24P spectrum shows promi-
nent gamma-ray lines of the fission products "*’Cs,
%Co, and "**Eu; and it displays calcium, hydrogen, and
silicon neutron-induced gamma-ray peaks as well.

Neutron image
Cask 6 was the first one to be imaged with the neutron
camera, and attempts were made both with the “C” and

Fig. 34. Smoothed and thresholded neutron image of
cask 5 using “C” mask.

“A” masks. In neither case was an interesting or mean-
ingful shape discerned in the images (see Fig. 37.) This
cask appears to emit relatively few thermal neutrons.

Discussion
The primary goal of the project was to determine if cask
fingerprinting is a viable technique. To this end, the
images obtained with the two systems clearly demon-
strate the proof-of-principle that the radiation fields
emitted by the casks can be imaged. They also demon-
strate that the fields are different depending on the cask

Fig. 35. Mask-antimask image of cask 5 using 19 x 19
pixel mask, with smoothing and thresholding.
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Fig.36. Energy spectrum from cask 6.
type.

Gamma-Ray Results

In Fig. 38 we provide a side-by-side comparison of the
wide-field, whole-cask images obtained with the
gamma-ray imager. To the right and below each of the
false-color images is a histogram of the counts per pixel
for the pixels that fall under the yellow cursor lines in
the main image. These plots can be used to obtain a
better idea of the signal-to-noise ratio and provide fur-
ther information on the overall shape of the images.
From the figure, it is clear that the overall morphology
of the radiation fields vary significantly. For instance
casks 1 and 5 provide intense radiation from the central
regions of the cask while casks 3 and 4 have relatively

Fig. 37. Neutron image data from cask 6. This cask
appeared to be weak in thermal neutron output.

poor contrast. The image of cask 3 is suggestive of fuel
being stored at the very bottom of the cask. This pattern
is actually attributed to radiation leakage from the
poorly shielded cask bottom and its subsequent scatter
into the line of sight of the gamma-ray imager.

In fact, it would appear that scattered radiation domi-
nates all of the images obtained with the gamma-ray
imager. This is not surprising given that one of the pri-
mary cask functions is to shield the surroundings from
the radiation emitted by the cask contents. As men-
tioned in the introduction, one expects the observed
radiation pattern to have both a scattered and an unscat-
tered component. One also expects that these two im-
ages should be separable based on energy cuts. This
concept is validated by the data from the germanium
spectrometer that clearly shows photopeaks are detected
in the gamma-ray flux.

The spectral data is summarized in Table 3. The nu-
merical analysis shows that some of these peaks have
excellent signal-to-noise ratios. Hence an image made
of the line-radiation should provide clear images of the
fuel assemblies. Unfortunately, the peaks are all above
the useful energy range of the current imager. This
shortcoming arises from the use of an extant imager to
undertake the measurements and is not a fundamental
limitation of the imaging techniques.

When taken together, the spectrometer data and the
gamma-ray images obtained, show significant promise
that the fingerprinting technique can be used. Most of
the images are just what one would expect for the scat-
tered component of the gamma-ray field. The images
show the overall location of the sources, but with all
detail washed out by the scattering process. Hence, the
top view of cask 1 (Fig. 15) shows the elliptical shape
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Fig. 38. Wide-field, gamma-ray images of casks (clockwise from top left) 1, 3, 4 and 5. The exposures are from
similar distances and one hour in duration. The histograms on the right and bottom of the individual images are
the counts under the vertical and horizontal cursor lines, respectively.

appropriate for a projection of the circular source distri-
bution one would expect, while the side view shows the
appropriate rectangular projection. Unfortunately, it is
clear from the images obtained that insufficient detail
exists to achieve the end-goal of individual cask identi-
fication.

To realize a successful fingerprint will require increas-
ing the level of detail in the images. At a minimum, one
will require the ability to image the individual fuel as-
semblies loaded around the periphery of the cask. Our
results show that this means creating an image using
primarily non-scattered radiation. Since gamma-rays
lose energy when they scatter, any radiation detected in

a nuclear emission line cannot have scattered on the
way out of the cask and should carry the fingerprint
information desired. The data from the Ge spectrome-
ter, clearly shows that significant line emissions survive
to the cask surface. If we look at the 662 keV line from
the various casks, we find that the ratio of unscattered
to scattered radiation varies from ~ 0.54:1 for cask 3 to
1.24:1 for cask 5. However, an examination of the spec-
trum for the best case shows that for a Nal-type energy
resolution, this degrades by approximately a factor of
20 to 0.06:1. This degradation is primarily due to the
large scattered component created in the lines and indi-
cates that an instrument with good spectral resolution is
required.



Table 3

Summary of Spectroscopic Measurements

gamma-ray Counts Significance
cask type nuclide enlfgg]y, type gross net sigma bkg Net/sigma | net/bkg remarks
1 MC10 B 477 capture 105732 2297 543 | 103435 4.2 0.022
Cs-137 662 fiss. prod. 62420 30231 348 32189 86.9 0.939
Co-60 1173 fiss. prod. 6864 1906 104 4958 18.3 0.384
Co-60 1332 fiss. prod. 6840 4214 107 2626 39.4 1.605
Eu-154 1274 fiss. prod. 16038 11070 168 4968 65.9 2.228
1000 live sec Eu-154 1596 fiss. prod. 3355 2134 77 1221 27.7 1.748
22.9% dead Fe 1725 capture 1167 336 51 831 6.6 0.404
Si 1778 | (n,n' gamma) 751 216 31 535 7.0 0.404
Ca 1942 capture 489 47 20 442 2.4 0.106
H 2223 capture 2591 1947 64 644 304 3.023
Si 3536 capture 312 56 26 256 22 0.219
2 125B2 B 477 capture 29452 298 156 29154 1.9 0.010
Cs-137 662 fiss. prod. 42340 22396 256 19944 87.5 1.123
Co-60 1173 fiss. prod. 7871 1996 143 5875 14.0 0.340
Co-60 1332 fiss. prod. 6921 4432 114 2489 38.9 1.781
Eu-154 1274 fiss. prod. 13460 10061 136 3399 74.0 2.960
1000 live sec Eu-154 1596 fiss. prod. 2977 1962 76 1015 25.8 1.933
16.1% dead Fe 1725 capture 540 107 27 433 4.0 0.247
Si 1778 | (n, n' gamma) 569 172 29 397 59 0.433
Ca 1942 capture 535 62 35 473 1.8 0.131
H 2223 capture 1669 1129 54 540 20.9 2.091
Si 3536 capture 196 36 14 160 2.6 0.225
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gamma-ray Counts Significance
cask type nuclide en;gg/y, type gross net sigma bkg Net/sigma | net/bkg remarks

3 V/21 B 477 capture 99121 5611 687 93510 8.2 0.060
Cs-137 662 fiss. prod. 52646 19112 369 33534 51.8 0.570
Co-60 1173 fiss. prod. 7307 1691 132 5616 12.8 0.301
Co-60 1332 fiss. prod. 6725 3820 122 2905 31.3 1.315
Eu-154 1274 fiss. prod. 14452 10875 144 3577 75.5 3.040
. Eu-154 1596 fiss. prod. 2897 2039 64 858 31.9 2.376

1000 live sec 7] 1725 | capt t observed

21.2% dead : pture not observe

Si 1778 | (n,n' gamma) 506 56 27 450 2.1 0.124

Ca 1942 capture not observed
H 2223 capture 1704 1275 51 429 25.0 2.972

Si 3536 capture not observed
4 REA-2023 B 477 capture 63015 1467 487 61548 3.0 0.024
Cs-137 662 fiss. prod. 33575 14724 235 18851 62.7 0.781
Co-60 1173 fiss. prod. 7215 1388 118 5827 11.8 0.238
Co-60 1332 fiss. prod. 6482 3009 113 3473 26.6 0.866
Eu-154 1274 fiss. prod. 22251 15607 208 6644 75.0 2.349
2,000 live sec | Eu-154 1596 fiss. prod. 4927 3041 91 1886 33.4 1.612
9.3% dead Fe 1725 capture 1287 185 46 1102 4.0 0.168

Si 1778 | (n, n' gamma) not observed

Ca 1942 capture not observed
H 2223 capture 12483 11522 124 961 92.9 11.990

Si 3536 capture not observed
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gamma-ray Counts Significance
cask type nuclide enke:{g/y, type gross net sigma bkg Net/sigma | net/bkg remarks
5 TN-24P B 477 capture 87396 5664 704 81732 8.0 0.069
Cs-137 662 fiss. prod. 45640 25308 287 20332 88.2 1.245
Co-60 1173 fiss. prod. 6051 1712 118 4339 14.5 0.395
Co-60 1332 fiss. prod. 5139 3410 94 1729 36.3 1.972
Eu-154 1274 fiss. prod. 11153 8205 138 2948 59.5 2.783
. Eu-154 1596 fiss. prod. 2399 1414 76 985 18.6 1.436
1000 live sec
18.7% dead Ffa 1725 capture not observed
Si 1778 | (n, n' gamma) 284 63 17 221 3.7 0.285
Ca 1942 capture 329 40 23 289 1.7 0.138
H 2223 capture 1173 889 41 284 21.7 3.130
Si 3536 capture 150 7 11 143 0.6 0.049
6 VSC-17 B 477 capture 0 not observed
Cs-137 662 fiss. prod. 69212 35306 406 33906 87.0 1.041
Co-60 1173 fiss. prod. 6025 1398 113 4627 12.4 0.302
Co-60 1332 fiss. prod. 4455 2481 86 1974 28.8 1.257
Eu-154 1274 fiss. prod. 15571 11935 157 3636 76.0 3.282
1000 live sec, | Eu-154 1596 fiss. prod. 2956 2042 72 914 28.4 2.234
26.1% dead | Fe 1725 capture 549 76 35 473 2.2 0.161
Si 1778 | (n, n' gamma) 429 71 24 358 3.0 0.198
Ca 1942 capture 368 108 20 260 54 0.415
H 2223 capture 1024 695 38 329 18.3 2.112
Si 3536 capture 92 19 10 73 1.9 0.260
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Ideal Gamma-Ray Imager

The results obtained during the measurement campaign
provide some design parameters for a gamma-ray
imager that should be able to obtain unique cask finger-
prints. As discussed above, the spectral resolution will
have to be high to obtain a useable signal to noise ratio.
In addition, the flux in the line radiation indicates a
detector surface area of ~ 50 cm” will provide reason-
able images on hour timescales.

Ideally the field of view would encompass the entire
cask with enough resolution to isolate individual fuel
rod assemblies. With typical 2 m x 5 m cask dimen-
sions and a fuel assembly center-to-center spacing of ~
20 c¢cm, a minimum of ~ 20, 10-cm pixels are required
across the cask, with 2.5 times that number to see the
full cask height. This gives a field of view with ~ 50 x
50 resolution elements. To properly oversample such a
mask pattern requires a detector with ~ 100 x 100 pix-
els. For an end-on-view, only half this number would
be required in each dimension.

With the high fill factor of the gamma-ray emitting sur-
faces, the optimum signal-to-noise performance will
occur with a coded aperture imager having less than a
50% open fraction.[4] In fact, for a system taking end
views, a pin-hole camera may be able to obtain images
in almost the same time as a coded aperture imager. It
has a further advantage that concerns of seeing
neighboring casks with a partially coded pattern are not
present. This effect takes sources just outside the field
of view and makes them appear on the opposite side of
the image and increases systematic noise in the image.
It can be removed with the simple design modification
that incorporates collimation to restrict the field of view
of every detector pixel to % of the overall mask (a sin-
gle mask pattern.) This will diminish the instruments
sensitivity towards the edges of the field of view. The
potential advantages of the pin-hole camera may be
negated by the instrument weight since significant
shielding will be required in the high-flux environment
of a cask farm.

Because, the primary information content in the
gamma-ray images comes from radiation at 662 keV
and above, Compton imagers may prove a suitable
imager type for this application. In these instruments
the direction of origin of individual gamma-rays is lo-
calized to a ring of possible directions with the final
image comprised of overlapping rings. The increased
information obtained about each gamma-ray (a narrow
ring, rather than 1/2 to 1/3 the field of view, as in a
coded-aperture imager) means that signal to noise is
improved. A number of groups are actively working on
this technology,[16-18] but it will still be at least five
years before practical instruments can be available.
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Even then, the cost of such units is likely to be high (~
$1M.)

Neutron results

The creation of a meaningful cask image using thermal
neutrons depends on three factors. First, there must be
sufficient residual neutron activity from spontaneous
fission or (o,n) reactions in the spent fuel assemblies.
Second, a fraction of these fast neutrons must be ther-
malized by scattering with hydrogen before reaching
the surface of the cask. Third, the thermal neutrons
must be able to escape into the air by diffusion to the
surface without being absorbed.

The casks constructed with an external concrete shell
are most suitable to meet these requirements, provided
they contain a sufficient quantity of neutron-producing
spent-fuel materials. The fast neutrons have a mean free
path in concrete which varies with the hydrogen con-
tent, but there is likely to be a measurable flux of ther-
mal neutrons leaking from the surface. The multiple
scattering of neutrons in thick concrete walls makes it
difficult to extract much information about the shape of
the fuel loading because the images are dominated by
thermal neutrons diffusing to the external surfaces.
However, there are still noticeable differences in shapes
of the images obtained from casks 1, 2 and 5. These
shapes provide a crude type of signature that is not eas-
ily predicted or faked.

Casks that are constructed predominantly of steel may
be penetrated by significant fluxes of fast neutrons
without much thermalization. Casks in which neutron
absorbing layers like borated hydrocarbons are part of
the design are unlikely to give a usable thermal neutron
signature.

Just as with gamma-rays, there may be an unscattered
component to the neutron flux. This would be carried
by fast neutrons. In fact, the lack of an image of one of
the steel casks was somewhat surprising at first, consid-
ering the neutron dose information taken by heath
physicists at the site. The cask with the highest dose
provided no thermal-neutron signature. Since the dose
meters rely on a thermalizing sphere of polyethylene to
moderate the fast neutrons, the lack of a thermal-
neutron image is a direct confirmation that fast neutrons
are emitted by this cask. Thus, if a fast-neutron imager
could be developed, it would probably be much more
effective in characterizing the contents of the casks than
thermal neutrons. A design for such an instrument is
being developed by our BNL collaborators, and has
shown promising results.



Conclusions

The results of the measurement campaign did not di-
rectly validate the concept of fingerprinting dry storage
casks. However, they do suggest that further measure-
ments are warranted. The gamma-ray results indicate
that a significant flux of unscattered radiation does es-
cape the casks. Further, they show that the signal-to-
noise ratio is high enough to generate images if an
imager with suitable high-energy response and energy
resolution is used. The thermal-neutron results are less
promising. However, there is evidence that fission-
spectrum neutrons do reach the cask surface. If imaged,
these neutrons should also provide unique cask signa-
tures.

Recommendations

To determine if radiation signatures can be used to
uniquely identify dry storage casks, further work is re-
quired. An additional measurement campaign should be
conducted with a germanium-based or comparable
gamma-ray imager. The two primary requirements for
the follow-on instrument are extended energy response
to fission product gamma-ray lines and neutron capture
peaks, and excellent energy resolution (comparable to a
Ge spectrometer.) Pending results from these measure-
ments, a design study of the optimum imager for the
cask farm environment should be undertaken. Addi-
tional measurements with a fission spectrum neutron
imager are also clearly indicated. As such instruments
are currently under development, the potential applica-
tions to the IAEA should be made known to the spon-
soring agencies. As early as practical, a further meas-
urement campaign with such an instrument should be
conducted.

It is clear that the radiation levels from the fuel assem-
blies are sufficient to generate images, even through the
heavy shielding in the cask walls. If unshielded, it
should be possible to obtain gamma-ray images, even
from significant distances. As such, an additional use
for the imaging technologies would be to monitor load-
ing of the casks. Given the intense radiation fields, it is
possible that one could even obtain images in the short
exposure times required to make motion pictures. The
value of tracking the individual radioactive elements
throughout the loading process should be considered by
the safeguards community.
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